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Abstract

The present paper reports a new method of producing N-doped carbon nanofibers
via metal dusting of a ternary NiMoW alloy in the atmosphere containing C,HCl;
and CH;CN vapors at 600 °C. The initial alloy was prepared by a co-precipitation
technique. The carbon deposition was monitored gravimetrically. The early stages
of the metal dusting process were studied in detail using scanning and transmis-
sion electron microscopies. It was established that the rapid disintegration of the
microdispersed NiMoW alloy with the formation of nanosized particles catalyzing
the growth of carbon filaments occurs within the first 5 min of the reaction. The
presence of C,HCl; vapors in the reaction medium was shown to be the urgent con-
dition to provide efficient metal dusting. The effect of the CH;CN concentration in
the trichloroethylene-containing reaction mixture on the carbon deposition is inves-
tigated. As observed, the CH;CN content noticeable affects the carbon yield (after
2 h of reaction). The dome-shaped dependence of carbon yield reaches its maximal
value of ~200 g/g(cat) at a CH;CN concentration of 33 vol%. According to X-ray
photoelectron spectroscopy, the obtained carbon filaments are functionalized with
Cl (0.1-1.2 wt%), O (3-6 wt%), and N (0.5-1.3 wt%). The prepared carbon fila-
ments possess a segmented secondary structure, which is typical for carbon nano-
materials derived via catalytic decomposition of chlorine-substituted hydrocarbons.
Low-temperature nitrogen adsorption measurement revealed that the specific surface
area of the N-containing samples varies in a range from 370 to 550 m%/g.
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Introduction

Metal dusting (MD) or carbon erosion is a phenomenon of complete destruction
of metal items based on Fe, Co, and Ni at elevated temperature (400-800 °C) in
a carbon-containing medium, which is accompanied by the formation of dispersed
metal particles and graphite phase [1, 2]. This irreversible process actually causes
the destruction of chemical reactors operating under such conditions. On the other
hand, even this “undesirable” phenomenon currently attracts significant attention
from researchers since it can be considered beneficial [3, 4]. The dispersed parti-
cles, formed because of spontaneous disintegration of the initial metal or alloy, act
as centers for the carbon nanostructures’ growth. Therefore, the MD process can be
purposefully applied to obtain carbon nanofibers (CNFs) or other carbon-containing
nanomaterials, including metal-carbon composites, thus serving as a promising tool
for their controllable synthesis [5—11].

Among the wide variety of carbon materials, CNFs attract the greatest attention
due to the unique combination of physicochemical properties (strength, developed
specific surface area, chemical inertness, and good electrical and thermal conductiv-
ity) and relatively low cost. These materials have already found their application as
catalyst carriers [12, 13], sorbents of toxic wastes [14, 15], products for electronics
[16, 17], drug delivery agents [18], and reinforcing additives in constructive com-
posites [19-23].

The heteroatom-functionalized CNFs (N, CI, O, B, P, etc.) are even of greater
interest since the introduction of additional atoms into the structure of carbon fila-
ments significantly affects the reactivity and electrical conductivity of the resulting
material [24], which, in turn, expands the area of their application. Doping of carbon
fibers with nitrogen (N-CNF) is especially often mentioned in the literature. It is
well known that nitrogen atoms on the surface of carbon nanomaterials are capable

@ Springer



Reaction Kinetics, Mechanisms and Catalysis (2022) 135:1387-1404 1389

of stabilizing carbon-supported catalysts by increasing the dispersion of metal par-
ticles [25]. On the other hand, in composite science, the presence of N-functional
groups increases the adhesion between the carbon filler and the modifying polymer
matrix [26]. Nitrogen-doped carbon nanomaterials are already used in practice for
the storage and transformation of energy in fuel cells [27], as electrochemical sen-
sors [28], adsorbents, and supports for catalysts in such processes as selective hydro-
genation of acetylene and hydrodechlorination of chlorinated aromatic compounds
[29, 30].

N-doped CNFs can be obtained via ‘one-pot’ synthesis by joint decomposition of
carbon- and nitrogen-containing substrates (for example, C,H, and NH;) [31] or via
post-functionalization of preliminary prepared CNFs using an N-containing modi-
fying agent (for example, pyridine) [29]. The third approach, which was proposed
recently, is based on the joint catalytic pyrolysis of C- and N-containing reagents
over self-organizing catalysts [32]. The formation of the active catalytic particles
from bulk nickel-based alloy occurs under the action of the reaction medium via the
MD route. This approach seems to be the least time-consuming since it allows com-
bining the stages of the catalyst preparation and N-CNFs synthesis.

At the same time, the presence of chlorine in the reaction system affects the
growth mechanism of carbon nanofibers, largely determining their unique structure
[33]. The process of the bulk alloys’ disintegration in an aggressive atmosphere,
simultaneously containing chlorine and hydrogen, is accelerated due to chlorination/
dechlorination reactions occurring on the metal surface. These reactions also pro-
vide a pulse mode of the fiber growth resulting in the appearance of the segmented
structure [34]. It should be emphasized that many chlorine-substituted hydrocarbons
(C,H,Cl,, C,HCl;) are the main components of toxic industrial waste that harm the
environment [35]. The proposed approach, based on the application of MD for the
CNFs synthesis, gives a possibility to develop a new method for processing such
compounds into valuable carbon nanomaterials.

Among the metals of the iron subgroup (Fe, Co, and Ni), which are active in the
process under consideration, nickel catalysts are most commonly used to catalyze
organochlorine compounds’ pyrolysis since they demonstrate the highest resistance
to deactivation [36]. In addition, the introduction of promoting additives (Mo, W,
Pd, etc.) into the alloy composition significantly increases the stability and improves
the performance of the Ni-based catalysts [37-39]. As was previously established,
Mo is one of the most promising promoters. Its addition allows increasing the car-
bon yield in the catalytic decomposition of 1,2-dichloroethane by almost two times
if compared with pure Ni [40]. In the case of ternary NiMoW alloy, the activity
grows even more impressively [39].

In the present work, the possibility of using the MD process for the synthe-
sis of heteroatom-functionalized CNFs is demonstrated. Trichloroethylene (TCE)
and acetonitrile (AN) are chosen as carbon and nitrogen sources, respectively. The
presence of chlorine in the C,HCl; molecule makes it possible to significantly
accelerate the MD process of the ternary nickel alloy containing 4 wt% Mo and 4
wt% W. The initial stages of the MD process occurring during the joint decompo-
sition of TCE and AN have been investigated. The obtained N-CNFs were char-
acterized by X-ray photoelectron spectroscopy and scanning and transmission
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electron microscopies. The effect of the AN concentration on the carbon yield
and CNFs characteristics has been revealed as well.

Experimental
Synthesis of the microdispersed NiMoW alloy

Ternary NiMoW alloy containing 92 wt% Ni, 4 wt% Mo, and 4 wt% W was pre-
pared by co-precipitation technique from precursor salts [Ni(NH;)¢]Cl, (chemi-
cally pure, synthesized in accordance with a published procedure [41]), H,WO,
(pure, Vekton, Russia), and (NH,)¢Mo0;0,,-4H,0 (chemically pure, Reachem,
Russia), followed by a reduction in a hydrogen atmosphere. Acetone (high purity
grade, Vekton, Russia) was used as a precipitating agent. All the reagents were
chemically pure and were used without prior purification.

Initially, (NH,)¢Mo,0,,-4H,0 (0.073 g) and H,WO, (0.054 g) were dissolved
in a 50 mL concentrated (25 wt%) aqueous solution of ammonia (high purity
grade, Reachem, Russia) at heating. The resulting solution was evaporated to a
volume of 30 mL. Then, 3.633 g of [Ni(NH;)¢]Cl, was added to the solution with
continuous stirring by magnetic stirrer (200 rpm) until complete dissolution. Pre-
cipitation was carried out by mixing the resulting solution with a 15-fold volume
of acetone (450 mL) cooled to 0 °C. The precipitate was filtered, dried at room
temperature for 5 h, and calcined at 800 °C for 1 h under a hydrogen atmosphere.
Monometallic Ni used as a reference sample was synthesized similarly.

Characterization of the NiMoW alloy

X-ray diffraction (XRD) analysis of the NiMoW alloy sample was carried out on
a Shimadzu XRD-7000 diffractometer (Cu K, radiation, Ni-filter on a reflected
beam) at room temperature. For the analysis of phase composition, the pattern
was recorded in a 20 range of 5°~107° with a step of 0.1°. The lattice parameter
was precisely determined by analyzing the region in a 20 range of 140°-148°
with a step of 0.02°. Reference diffraction data were taken from the JCPDS data-
base (Ni—PDF card #4-850; Mo—PDF card #42-1120; W-PDF card #4-806).
The crystal cell parameters of the solid solution were refined by the Rietveld full-
profile analysis of (331) reflection using the PowderCell 2.4 software [42]. Poly-
crystalline silicon (a=5.4309 A) was used as an external standard. The average
crystallite size was estimated by an integral expansion of reflections (111), (200),
and (220) using the WinFit 1.2.1 software [43] and Scherrer’s formula [44].

The secondary structure of the microdispersed NiMoW alloy was studied by
scanning electron microscopy (SEM) on a JSM-6460 microscope (JEOL, Japan)
at magnifications from X8 to X300.000.
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Synthesis of CNFs

The synthesized sample of the microdispersed NiMoW alloy was used as a pre-
cursor of a self-organizing catalyst for the synthesis of N-CNFs. The carbon
accumulation during the co-decomposition of trichloroethylene and acetonitrile
was studied in a flow gravimetric reactor equipped with a McBain balance, which
allows measuring the weight of the sample in a real-time regime [45]. The speci-
men of the initial alloy was 2.0+ 0.05 mg for all the experiments. The alloy sam-
ple was placed in a quartz basket inside the reactor and heated up to 600 °C in
an argon flow (11 L/h). Then, the reactor was fed with hydrogen for 10 min to
eliminate oxygen from the surface of the alloy. The reduced sample was brought
into contact with a reaction mixture simultaneously containing argon, hydrogen,
and organic substrate vapors (trichloroethylene and/or acetonitrile) at the same
temperature. Since both the substrates are liquids, the required concentration of
their vapors was achieved by passing the reaction gas through the saturators filled
with trichloroethylene and/or acetonitrile. The TCE concentration in the reaction
mixture was 8 vol% in all the experiments, while the AN concentration was var-
ied from 25 to 39 vol% by changing the temperature of the corresponding satura-
tor. For most of the experiments, the duration was 2 h. In order to study the MD
process at early stages in detail, the experiments were stopped after 2 and 5 min.
The cooling of the reactor to room temperature was performed in an argon flow.
The deposited carbon product was weighed to calculate the carbon yield value in
grams of CNFs per 1 g of catalyst, g/g(cat). Note that the accuracies of the carbon
yield values and the carbon deposition rates were + 10% and + 5%, respectively.
The obtained samples were labeled as TCE/AN(X)_CNF, where X is AN con-
centration. Correspondingly, the reference samples prepared via decomposition of
TCE or AN only were named as TCE/AN(0)_CNF and AN(27)_CNF.

Characterization of CNFs

The structure and morphology of the prepared CNFs were studied by SEM on a
JSM-6460 instrument (JEOL, Japan) at magnifications from x8to %300.000. The
transmission electron microscopy (TEM) studies were carried out using a Hitachi
HT7700 TEM (acceleration voltage 100 kV, W source) equipped with a STEM sys-
tem and a Bruker Nano XFlash 6T/60 energy dispersive X-ray (EDX) spectrometer.

X-ray photoelectron spectroscopy (XPS) was used to analyze the surface compo-
sition and concentration of the functional groups. XPS spectra were recorded on a
photoelectron spectrometer ES300 (KRATOS Analytical, UK) using Al K, source
(1486.6 eV). The core-level spectra of copper (Cu 2ps,) and gold (Au 4f;,) foils
were used for calibration of the spectrometer. The survey spectra were collected
within a range of 0— 1100 eV with a step of 1 eV to explore. The core-level spectra
of carbon (C 1s), nitrogen (N 1s), and chlorine (Cl 2p) were recorded with a step of
0.1 eV to analyze the charging states of the elements. The estimation of the compo-
sition was performed with consideration of the atomic sensitivity factors [46].
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The textural characteristics of the CNF samples were studied by the nitrogen
adsorption method. N, adsorption at 77 K was measured by means of an Auto-
sorb-iQ (Quantachrome, USA) instrument equipped with the oil-free turbomo-
lecular pump—membrane pump system in a range of partial pressure of 107 <p/
p°<0.99. Samples were degassed in an oil-free vacuum at 300 °C overnight
before the analysis. The typical specimen of the CNFs for analysis was 0.05 g.

Results and discussions
Characterization of the as-prepared NiMoW alloys

As it was recently reported [47], pure nickel undergoes deactivation after a few
hours of carbon deposition. The addition of molybdenum and tungsten, individu-
ally or jointly, allows improving the catalytic behavior by increasing the activity
and stability of the catalyst [39, 40, 48]. Therefore, a previously optimized com-
position of the ternary NiMoW alloy is considered in the present research. The ini-
tial NiMoW alloy was synthesized by high-temperature reductive thermolysis. This
method allows obtaining microdispersed materials of a developed porous structure.
Thus, the values of specific surface area (SSA) for such materials can reach 10 m2/g.
Characterization of the as-prepared alloy by SEM evidenced the so-called ‘sponge-
like® structure of the sample. Fig. S1 (Supplementary Information) shows the typi-
cal SEM images of the microdispersed NiMoW alloy. As seen, a uniform porous
matrix is composed of fused particles of approximately 2-3 microns in size (Fig.
Sla). In the magnified image (Fig. S1b), the interblock boundaries are well seen.
Such a porous structure along with developed SSA facilitates a larger area of contact
with the reagents and, therefore, enhanced reactivity.

The phase composition of the as-prepared sample was studied by XRD analy-
sis. The recorded pattern is shown in Fig. 1. XRD data for the reference sample of
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Fig.1 XRD data for the as-prepared NiMoW sample and pure nickel (reference sample) in 26 ranges of
20°-100° (a) and 75°=77° (b)
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Fig.2 Time dependence of the carbon yield over the NiMoW alloy during the decomposition of TCE
and/or AN at 600 °C (a) and comparison of the carbon yield values obtained after 30, 60, and 120 min of
reaction (b)

Table 1 The IP-500 duration and the carbon yield values depending on the composition of the reaction
mixture (NiMoW alloy, 2 h, 600 °C)

CNF sample Composition of the AN concentra- IP-500, min Carbon
reaction mixture tion, vol% yield,
g/g(cat)
TCE/AN(0)_CNF TCE/Ar/H, 0 10 102
TCE/AN(25)_CNF TCE + AN/Ar/H, 25 12 155
TCE/AN(28)_CNF TCE + AN/Ar/H, 28 12 177
TCE/AN(33)_CNF TCE + AN/Ar/H, 33 14 203
TCE/AN(39)_CNF TCE + AN/Ar/H, 39 20 40
AN(27)_CNF AN/Ar/H, 27 - 0.7

pure nickel is also presented. In both cases, the patterns are represented by a set
of reflections, which are characteristic of metallic nickel with a face-centered cubic
(FCC) lattice (Fig. 1a). No peaks related to Mo or W are seen. On the other hand,
a characteristic shift of nickel reflections to the small angles side should be men-
tioned (Fig. 1b). From these data, it can be concluded that both the promoting met-
als, Mo and W, are embedded inside the crystal lattice of nickel, forming a solid
solution. The alloying of nickel with tungsten and molybdenum leads to an increase
in the FCC lattice parameter of nickel from 3.524 to 3.539 A. Thus, the synthesized
NiMoW sample is a single-phase solid solution based on the FCC lattice of nickel.

Study of the carbon deposition over NiMoW alloy

Fig. 2a shows the time dependence for the carbon accumulation during the catalytic
co-decomposition of TCE and AN over the NiIMoW sample at 600 °C. According
to the recently reported data [49-51], this temperature is optimal for the efficient
realization of the metal dusting process over the nickel alloys. Since the cur-
rent research focuses on the decomposition effect of the multicomponent reaction
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mixture containing AN, the concentration of AN vapors in the reaction mixture was
varied from 25 to 39 vol% (Table 1). Additionally, two reference experiments were
carried out in a single substrate mode, with TCE or AN only. It can be seen that the
process is characterized by the presence of a rather prolonged induction period (IP),
during which the sample weight increases slowly. For the quantitative comparison
of the experiments, the IP duration was taken as a time corresponding to a 500%
weight increase (IP-500). As follows from the data presented in Table 1, the IP-500
values vary in a range of 10-20 min. There is also a tendency that an increase in the
AN concentration prolongs the induction period. After the IP, the mass of the sam-
ple increases linearly in almost all the cases (Fig. 2a). Such a constant rate of carbon
deposition indicates that no catalyst deactivation occurs within the time interval of
the experiment (2 h).

It should be noted that the addition of acetonitrile vapors to the reaction mixture
leads to a noticeable increase of the carbon yield by 80% if compared to the decom-
position of pure TCE (Fig. 2a). At the same time, as follows from the carbon yield
diagram (Fig. 2b), for the first 30 min of the reaction, the carbon yield values for all
the samples are close to each other and amount to approximately 25 g/g(cat). The
only exception is the TCE/AN(39)_CNF sample showing the lowest carbon yield.
After 1 h of the reaction, the TCE/AN(33)_CNF sample occupied the leading posi-
tion, while other samples demonstrated comparable values of carbon yield. At the
end of the experiments, the samples can be ranked by the carbon yield in the follow-
ing order: TCE/AN(33)_CNF>TCE/AN(28)_CNF>TCE/AN(25)_CNF>TCE/
AN(0)_CNF> >TCE/AN(39)_CNF. The maximum yield of CNF achieved during
2 h for the TCE/AN(33)_CNF sample amounted to 203 g/g(cat). A further increase
in the AN concentration leads to a sharp decrease in the weight of carbon deposits.
An additional reference experiment was performed with pure AN as a decomposing
substrate. In this case, the growth of CNFs is suppressed (Fig. 2a). The carbon yield
was estimated to be 0.7 g/g(cat). Despite the fact that acetonitrile molecule contains
carbon and nitrogen atoms and can serve as their source for the N-CNFs formation,
the initial stages of the MD process are not realized as efficiently as in the case of
chlorine-containing reaction mixtures.

It is of special interest to compare the obtained result on the joint decomposi-
tion of TCE and AN with recently published data. Thus, catalytic decomposition of
1,2-dichloroethane over the NiMoW alloy of similar composition at 600 °C during
2 h results in the carbon yield not exceeding 50 g/g(cat) [39]. Herein, the corre-
sponding carbon yield values are 2—4 times higher, which can be explained by the
presence of C=C bond in the TCE molecule. As known, unsaturated hydrocarbons
are more prone to chemisorption on nickel surfaces with subsequent destruction.
The addition of the AN vapors to the reaction mixture naturally leads to an increase
in the CNF yield since two additional carbon atoms come from the acetonitrile mol-
ecule. Another important issue, which can be supposed, is the possible competitive
chemisorption of TCE and AN molecules at the same surface sites of the alloy. This
can explain the dramatic drop in activity (carbon deposition) when the AN content
was increased from 33 to 39 vol%. Most probably, chemisorbed CH,CN molecules
block most sites on the nickel surface from contact with TCE, thus decreasing the
efficiency of its decomposition and slowing the MD process.
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Characterization of the obtained CNFs

The morphology and secondary structure of the CNFs obtained by the joint catalytic
decomposition of TCE and AN were investigated by SEM. Corresponding SEM
images are shown in Fig. S2. As seen, the carbon product is mainly represented by
long filaments of submicron diameter. Some of them are straight and elongated,
while others are chaotically interlaced. The segmented structure of elongated fibers
is more evidently seen in Fig. S2b. Such a unique structure is generally inherent in
the carbon materials derived from chlorine-substituted hydrocarbons [49, 52, 53]. It
is worth noting that the AN concentration in the reaction mixture does not notice-
ably affect the structure and morphology of the deposited CNFs. This means that
exactly chlorine-containing substrate plays a role of a structure-defining reagent.

Electron microscopy data (Fig. S2e) also revealed that in the case of the single-
substrate decomposition (pure AN), the morphology of the carbon product sharply
differs from the typical filamentous structure. In this case, the MD process of the
initial alloy is supposed to be suppressed, and the formation of active particles cata-
lyzing the CNFs growth is significantly decelerated. Therefore, the presence of the
chlorine-containing reagent seems to be the necessary condition for the efficient
realization of the MD process. In this regard, precise investigation of the early stages
of the MD process is of great importance.

While considering the processes taking place during the induction period, the
main attention should be paid to the first 10 min. These key processes are the rapid
disintegration of the initial alloy in an aggressive reaction medium and the nucle-
ation of the active sites for CNFs growth. Two points of the experiment duration
(2 and 5 min) were chosen to study the initial stages in detail. In these cases, the
samples of the ternary NiMoW alloy were exposed to contact with the TCE/AN/
H,/Ar reaction mixture containing 25 vol% of AN. The process was stopped after
mentioned periods of time by cooling the reactor with an argon flow. The obtained
samples were examined by SEM and TEM techniques.

SEM data revealed that within 2 min of exposure, the smooth surface of the ini-
tial NiMoW alloy becomes rougher due to the chemisorption of the organic sub-
strates and deposition of carbon (Fig. S3a, b). The appearance of short carbon fila-
ments is already well seen. At this stage, the microdispersed alloy remains its initial
‘sponge-like’ structure. The situation has changed dramatically already after 5 min
of exposure. The morphology of the alloy sample undergoes crucial changes, as
shown in Fig. S3c. The surface of the alloy became completely covered with the
carbon deposits represented by short filaments of various diameters. Some fuzzy
impression of the initial alloy structure is still discerned. Thus, a noticeable growth
of the nanostructured carbon material begins already at the early stages of the pro-
cess, when the weight gain of the sample is insignificant. Fig. S3d shows the SEM
image of the carbon product obtained after 2 h of exposure. Here, bunches of vari-
ous carbon filaments are only seen.

TEM technique allows studying these early stages of the MD process more pre-
cisely. Fig. 3 demonstrates a set of TEM images for the TCE/AN(25)_CNF samples
after exposure to the reaction mixture for 2 and 5 min, and 2 h. As clearly seen
from these data, the surface of the alloy is rearranged already within the first 2 min.
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. Gaf

Fig.3 TEM images of the NiMoW samples exposed to the reaction mixture TCE/AN(25)/H,/Ar at
600 °C for: 2 min (a, b); 5 min (¢, d); 2 h (e, f)

The beginning of the CNFs growth is also evident. Fig. 3b shows small particles
of ~100 nm in diameter separated from the bulk of the alloy, thus indicating the
destruction of the alloy under the action of the MD process. After 5 min of exposure
(Fig. 3c), almost complete disintegration of the NiMoW precursor is observed. The
disintegration process is accompanied by the formation of a large number of submi-
cron active particles—former fragments of the initial alloy.

Further, the resulting dispersed metal particles serve as active sites catalyzing the
CNFs growth. It is noteworthy that the shape of the crystals separated from the bulk
alloy is distinguished by a well-pronounced faceting and angularity (Fig. 3d). More-
over, the size of these newly formed particles exceeds the diameter of the growing
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filaments, but, over time, this discrepancy is eliminated. The length of the filaments
formed during 5 min of exposure does not exceed 2 pm, while the CNFs diameter
varies from 50 to 400 nm, depending on the shape of the active particles. It should
be noted that the bi-directional growth of carbon filaments, when two fibers grow in
opposite directions on the same active particle, is predominant (Fig. 3d).

Corresponding TEM images of the TCE/AN(25)_CNF samples after 2 h of
reaction are presented in Fig. 3e,f. In contrast to the short-time obtained samples,
elongated filaments with a distinct stacked or segmented structure are clearly vis-
ible (Fig. 3e). Such a secondary structure is explained by an alternation of the chlo-
rination and dechlorination processes on the surface of the metal particles [49, 53].
Besides the segmented nanofibers, the filaments with more uniform packing of gra-
phene layers are also observed (Fig. 3e). However, upon closer examination, the
denser structure of CNF is also distinguished by a discrete, ‘mosaic’ structure com-
posed of individual blocks of 20-30 nm in size, as illustrated in Fig. 3f.

Fig. S4 shows the EDX mapping data, demonstrating the distribution of various
elements within the structure of the sample. A fragment of the TEM image rep-
resenting an active metal particle associated with several carbon filaments was
selected for analysis. Such elements as C, Ni, Mo, W, CI, and O were found in the
sample. According to the analysis results, the active particle consists of nickel,
which is located exclusively within the particle contours. Molybdenum and tungsten
are also present in the particle composition. Therefore, the active particle formed as
a result of the MD process is a submicron fragment reflecting the composition of the
initial alloy. The sample also contains chlorine located mainly on the surface of the
metal particle. According to our previously reported observations [49, 54], the com-
plete chlorination of the catalytic particles does not occur under the reaction condi-
tions used in the present study. It was numerously presented that the formation of
metal chloride phases completely deactivates the catalyst. Moreover, even after the
long-term exposure of the Ni-based alloys to contact with the aggressive chlorine-
containing reaction mixture, no nickel chloride reflections are appeared in the XRD
patterns [50, 55, 56] thus confirming that the chlorine species are located on the
surface. Chlorine atoms remain chemisorbed on the metal surface after the decom-
position of the C,HCl; molecules. The coverage of the surface with chlorine species
leads to its periodic blocking. Hydrogen present in the composition of the reaction
mixture reacts with the chemisorbed chlorine species and, thus, cleans the surface.
Such periodic poisoning of the metal surface by chlorine has its consequences.
Thus, the second physical stage of the carbide cycle mechanism [33, 45], when car-
bon atoms diffuse into the bulk of nickel, proceeds impulsively. Finally, this results
in the unusual segmented structure of the formed carbon filaments [40]. The appear-
ance of oxygen on the surface of the sample is connected with its adsorption from
the atmospheric air during their unloading from the reactor and further storage.

The elemental surface composition of the CNF samples obtained at the varied
AN concentration in the reaction mixture was studied using the XPS method. Fig. 4
shows the overview spectra of the synthesized CNF samples with the designation of
the lines that make the main contribution to the spectrum. Table 2 summarizes the
quantitative data on the concentration of the main elements in the composition of the
samples. Analysis of the obtained data confirmed the presence of carbon, nitrogen,
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Fig.4 Survey XPS spectra of the CNF samples obtained using different AN concentrations in the reac-
tion mixture

Table 2 The qugr}tltatlve CNF sample Content, wt% Atomic ratio, %

surface composition of the

CNF samples and the relative N Cl (o) N,/C, CL/C, 0,/C,
concentrations of N, CI, and O

calculated from the XPS data TCE/AN(0)_CNF - 0.1 30 - 0.05 2.3

TCE/AN(25)_CNF 13 06 6.1 1.2 0.21 5.0
TCE/AN(28)_CNF 0.8 03 4.1 0.7 0.10 32
TCE/AN(33)_CNF 0.65 0.15 3.8 0.6 0.05 3.0
TCE/AN(39)_CNF 05 12 50 0.5 0.42 4.0

oxygen, and chlorine on the surface of CNFs. The presence of the N 1s line in the
spectra demonstrates the principle possibility of obtaining N-functionalized CNFs
by the joint decomposition of TCE along with AN over the self-organizing Ni-M
catalysts. Oxygen appeared in the composition of the samples after the experiments
due to their contact with air is also seen in the spectra.

According to the data presented in Table 2, the maximum nitrogen content of 1.3
wt% is observed for the TCE/AN(25)_CNF sample, which corresponds to the rela-
tive concentration N, /C,,=1.2%. It turned out to be interesting that an increase in
the acetonitrile concentration in the reaction mixture from 25 to 39 vol% does not
result in the expected increase in the number of nitrogen atoms incorporated into
the CNFs structure. Oppositely, the N content decreases to 0.5 wt%. It should be
emphasized that the revealed tendency is atypical for the two-substrate scheme of
the N-CNF synthesis. Usually, the higher concentration of N-containing substrate
(for example, NH;) facilitates an increase in the nitrogen content within the structure
of the carbon nanomaterials [57].
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The presence of chlorine is also noted in all the samples, which is quite logically
explained by the fact that C,HCI;, necessary for the effective course of the MD pro-
cess, was chosen as one of the reagents. Previously, the presence of chlorine was
also registered in the composition of similar carbon materials obtained by decom-
position of 1,2-dichloroethane over nickel alloys [40, 58]. In the present study, the
maximum amount of chlorine (1.2 wt%) was found in the TCE/AN(39)_CNF sam-
ple, which is characterized by the lowest carbon yield value.

Oxygen-containing functional groups are commonly present on the surface of
carbon nanomaterials [59]. In our case, the relative oxygen content on the CNF
surface (O,/C,) was found to be about 3.5%. The maximum value was observed
for the TCE/AN(25)_CNF sample, which possesses the highest nitrogen concentra-
tion. According to the low-temperature nitrogen adsorption data, this sample has a
significantly higher SSA of 544 m?%g if compared to all other samples (370-390
m?%/g). The low-temperature nitrogen adsorption/desorption isotherms for the TCE/
AN(25)_CNF sample are presented in Fig. S5. According to the IUPAC classifica-
tion, such isotherms can be assigned to Type II with the ill-defined hysteresis of
H3 type that is typical for the open porosity of filamentous carbon materials. Note
that [IUPAC does not recommend using the conventional methods to calculate the
pore size distribution for the qualitative characterization of isotherms of such a type
[60]. Therefore, Fig. S6 demonstrates the differential size distribution of the pore
volume formally calculated by the regularization technique using a set of root iso-
therms of nitrogen adsorption at 77.4 K for fissured carbon pores within the QSDFT
model [61, 62]. Two character maximums corresponding to the pore width of 1.1
and 3.2 nm are obviously seen. The appearance of these extremums can be con-
nected with the difference in adsorption properties of the studied sample and the
reference carbon sample (Cabot BP280) used for the adsorption modeling within the
QSDFT model.

Conclusions

The results of the performed research showed that the microdispersed nickel-based
alloys could be used as precursors of catalysts for the synthesis of nitrogen-con-
taining carbon nanofibers. The addition of molybdenum and tungsten has previ-
ously demonstrated a significant promoting effect on nickel activity in the catalytic
decomposition of chlorine-substituted hydrocarbons [39, 40]. The use of a reaction
medium containing hydrogen and trichloroethylene leads to a rapid metal dusting of
the NiMoW alloy with the formation of submicron particles that serve as active sites
for the catalytic CNFs growth. As shown, the simultaneous presence of C,HCl; and
CH;CN vapors in the reaction mixture allows performing the MD process accompa-
nied by the formation (self-organizing) of an active catalyst for the CNFs growth. It
was determined that at the optimal ratio of trichloroethylene and acetonitrile concen-
trations in the reaction mixture, the carbon yield after 2 h of reaction reaches a value
of 200 g/g(cat). Such high productivity of Ni catalysts is reported for the first time
and exceeds all the experimental data obtained under similar conditions [63]. On the
other hand, it should be emphasized that the replacement of trichloroethylene with
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acetonitrile (switch to a single-substrate scheme) leads to almost complete suppres-
sion of the metal dusting process, thus preventing the formation of an active catalyst.

A detailed study of the surface composition of the obtained CNFs revealed that
the joint decomposition of C,Cl- and C,N-containing substrates allows synthesizing
carbon materials with a nitrogen content of 0.5 to 1.3 wt%. According to the XPS
data, in addition to nitrogen, residual chlorine (up to 1.2 wt%) and oxygen (from 3
to 6 wt%) species are also present on the CNFs surface. If chlorine obviously comes
from trichloroethylene, when the appearance of oxygen-containing surface groups is
explained by the chemisorption of oxygen from the air.

Thus, a simple and efficient method of one-step synthesis of the N-containing
carbon nanofibers using the metal dusting phenomenon as a key tool has been pro-
posed. The produced filamentous carbon nanomaterials possess developed SSA and
a unique segmented structure. The appearance of the nitrogen-containing functional
groups on the CNFs surface makes this type of material very attractive for subse-
quent application in sorption and catalysis [64, 65].
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